VNUT is the latest identified SLC17 type I phosphate transporter family member, and may share some structural and functional properties with other members (2). All members comprise around 400-500 amino acid residues with 12 putative transmembrane helices, exhibiting 23 -29% identity and 41-48 % similarity to each other, and transport various organic anions in a Δψ-dependent manner (2-4). In the present study, using proteoliposomes containing purified VNUT as the only protein source, we investigated the hypothesis that VNUT transports divalent cations as nucleotide/divalent cation chelating complexes. Here we present evidence that VNUT is a divalent cation importer.
SUMMARY
The vesicular nucleotide transporter (VNUT) is a secretory vesicle protein that is responsible for the vesicular storage and subsequent exocytosis of ATP ( Like other classical neurotransmitters, ATP is stored in secretory vesicles in neurons and some endocrine cells, and is exocytosed upon stimulation (1) . Vesicular nucleotide transporter (VNUT) is one of the class of vesicular neurotransmitter transporters such as vesicular glutamate transporter and vesicular monoamine transporter, and is responsible for the vesicular storage of ATP through an active transport mechanism, which is primarily driven by vacuolar proton ATPase (2, 3) . Besides ATP, VNUT can transport various nucleotides such as GTP and UTP.
Suppression of the gene expression of VNUT in pheochromocytoma PC12 cells and neurons decreased vesicular ATP release, indicating its essential role in the occurrence of purinergic chemical transmission (2) .
VNUT is the latest identified SLC17 type I phosphate transporter family member, and may share some structural and functional properties with other members (2) . All members comprise around 400-500 amino acid residues with 12 putative transmembrane helices, exhibiting 23 -29% identity and 41-48 % similarity to each other, and transport various organic anions in a Δψ-dependent manner (2) (3) (4) (11) (12) (13) . However, such studies have been limited, and the transporter molecule(s) responsible for this accumulation process remains to be identified. In the present study, using proteoliposomes containing purified VNUT as the only protein source, we investigated the hypothesis that VNUT transports divalent cations as nucleotide/divalent cation chelating complexes. Here we present evidence that VNUT is a divalent cation importer.
EXPERIMENTAL PROCEDURES

Expression-
Recombinant baculoviruses containing wild type and mutant human VNUT cDNA were constructed using the Bac-to-Bac baculovirus expression system (Invitrogen) according to the manufacturer's protocol. VNUT cDNA was amplified by PCR using primers 5'-CACCATGACCCTGACAAGCAGGCGCCAG GA-3' and 5'-CTAGAGGTCCTCATGGGTAGAGCTC-3', and ligated into the pENTR/D-TOPO vector. VNUT cDNA was transferred from the pENTR/D-TOPO vector to a destination vector which was named pDEST10-VNUT. The resulting cloned VNUT gene also encoded an Nterminal 6xHis-tag. DH10Bac cells carrying bacmid DNA were transformed with pDEST10-VNUT. Recombinant were suspended in a buffer comprising 20 mM Tris-HCl (pH 8.0), 0.1 M potassium acetate, 10% glycerol, 0.5 mM dithiothreitol, 10 µg/ml pepstatin A and 10 µg/ml leupeptin, and disrupted by sonication with a TOMY UD200 tip sonifier. Cell lysates were centrifuged at 700 × g for 10 min to remove debris and the resultant supernatants were centrifuged at 160,000 × g for 1 h. The pellet (membrane fraction) was suspended at approximately 1.5 mg protein/ml in buffer comprising 20 mM MOPS-Tris (pH 7.0), 10% glycerol, 10 µg/ml pepstatin A and 10 µg/ml leupeptin. The membrane fraction was solubilized with 2% octylglucoside. After centrifugation at 260,000 × g for 30 min, the supernatant was added to 1 ml of Ni-NTA Superflow resin (Qiagen), followed by incubation for 4 hours at 4 °C. The resin was washed with 20 ml of 20 mM MOPSTris (pH 7.0), 5 mM imidazole, 10% glycerol and 1% octylglucoside in a column. VNUT was eluted from the resin with 3 ml of the same buffer containing 60 mM imidazole. The eluate containing the purified VNUT was stored at -80 °C, at which it was stable without loss of activity for at least a few months.
Reconstitution-
Reconstitution of purified recombinant VNUT into liposomes was carried out by the freeze-thaw method described elsewhere (2, (5) (6) (7) (8) . In brief, 10 µg VNUT (50 µl) was mixed with 0.5 mg liposomes (50 µl), frozen at -80 °C, and then left at that temperature for at least 10 min. The mixture was thawed quickly by holding the sample tube in the hand and then diluted 60-fold with reconstitution buffer (20 mM MOPS-Tris (pH 7.0), 0.5 mM dithiothreitol and 0.15 M sodium acetate). Reconstituted proteoliposomes were pelleted by centrifugation at 200,000 × g for 1 h at 4 °C and then suspended in 0.2 ml reconstitution buffer. The resultant proteoliposomes were further subjected to sucrose density gradient centrifugation at 200,000 × g for 1 h for estimating the amount of VNUT aggregates. Around 76.5% of VNUT was recovered in the liposome fraction, and remaining protein (23.5%) was pelleted as VNUT aggregates.
Asolectin liposomes were prepared as follows. Soybean lecithin (20 mg; Sigma type IIS) was suspended in 2 ml 20 mM MOPSNaOH (pH 7.0) containing 0.5 mM DTT. The mixture was sonicated in a bath-type sonicator until it became clear, divided into small aliquots, and then stored at -80 °C until use.
Transport assays-Assays were carried out by the gel-permeation procedure as described previously (2, (5) (6) (7) (8) . Proteoliposomes containing VNUT (0.4 µg protein per assay) were suspended in 20 mM MOPS-Tris (pH 7.0), 4 mM KCl, 0.15 M potassium acetate and 100 µM ATP, followed by incubation for 2 min at 27 °C. Radiolabeled substrate Ca 45 (3 GBq/mmol) was then added to a final concentration of 1 mM and the mixture incubated for a further 2 min.
Valinomycin was added to a final concentration of 2 µM to initiate the reaction. Aliquots (130 µl) were taken at the times indicated and centrifuged through a Sephadex G-50 (fine) spin column at 760 × g for 2 min. The radioactivity of the eluate was measured. For magnesium transport, proteoliposomes containing VNUT (0.4 µg protein per assay) were suspended in 20 mM MOPS-Tris (pH 7.0), 4 mM KCl, 0.15 M potassium acetate and 100 µM ATP, followed by incubation for 2 min at 27 °C. Magnesium acetate was then added to a final concentration of 1 mM and the mixture was incubated for a further 2 min. Valinomycin was added to a final concentration of 2 µM to initiate the assay. Aliquots (130 µl) were taken at the times indicated and centrifuged through a Sephadex G-50 (fine) spin column at 760 × g for 2 min. The amount of magnesium in the eluate was determined by atomic absorption spectroscopy. For ATP transport, proteoliposomes containing VNUT (0.4 µg protein per assay) were suspended in 20 mM MOPS-Tris (pH 7.0), 4 mM KCl, 0.15 M potassium acetate and 1 mM magnesium acetate, followed by incubation for 2 min at 27 °C. Radiolabeled substrate [α-32 P]ATP (3.7 GBq/mmol) was then added to a final concentration of 100 µM and the mixture was incubated for a further 2 min. Valinomycin was added to a final concentration of 2 µM to initiate the assay. Aliquots (130 µl) were taken at the times indicated and centrifuged through a Sephadex G-50 (fine) spin column at 760 × g for 2 min. The radioactivity of the eluate was measured.
Purification, reconstitution and transport assay of NPT1, VEAT and VGLUT2-Mouse NPT1, mouse VEAT and rat VGLUT2 were purified and reconstituted as described previously (5) (6) (7) (8) .
Cell Culture and RNAi-PC12 cells were cultured as described (2, 14) . HiPerFect transfection reagent (Qiagen) was used for transfection of 25 nM AllStars negative control siRNA or rat SLC17A9 siRNA: UAUUCGAGAGAAUGUCACG. Isolation of secretory granule fraction was performed as described 3 days later (14) .
Isolation of secretory granule fraction from PC12 cells-PC12 cells were harvested and disrupted by homogenization. The particle fractions were fractionated by sucrose density gradient centrifugation (14) . Enrichment of the secretory granules in the fraction was 5 -10 folds over postnuclear supernatant, which was verified by western blot analysis with anti-VNUT and anti-synaptotagmin antibodies.
Atomic absorption spectrometry-Quantitative analysis of magnesium was performed using a graphite furnace atomic absorption spectrophotometer, a Shimadzu AA6200, equipped with an L733-202NU hollow cathode lamp and WizAArd software. The absorbance was monitored at 285.2 nm.
Protein concentration determination-Bovine serum albumin was used as the reference (15).
Data analysis-All numerical values are shown as the mean + s. e. m.; n = 3-6. Statistical significance was analyzed by unpaired t test. The concentrations of the ionic species of nucleotides and metal complexes were calculated according to Fabiato and Fabiato (16) .
RESULTS
VNUT-mediated Mg
2+ uptake.
Upon the addition of valinomycin to VNUT-containing proteoliposomes in a reaction mixture containing potassium acetate, around 90 mV Δψ (positive inside) was established and triggered ATP uptake in the presence of Mg 2+ (2) . As the first step of the study, we examined whether or not proteoliposomes take up Mg 2+ under the assay conditions used. Atomic absorption spectroscopy revealed that valinomycin treatment stimulated the uptake of Mg 2+ by proteoliposomes containing purified VNUT (Fig. 1) . The Mg 2+ uptake was significantly reduced when either VNUT or ATP was omitted from the assay mixture. These results indicated that VNUT transports Mg 2+ in the presence of inside positive Δψ and ATP.
VNUT-mediated Ca 2+ uptake.
To study the mechanism in the VNUTmediated uptake of divalent cations more precisely, we measured the uptake of radiolabeled Ca 2+ . Upon the addition of valinomycin, inside positive Δψ (88. 0 + 0.10 mV, n = 3) was established through electrogenic entry of K + , and Ca 2+ uptake by VNUTcontaining proteoliposomes was facilitated (Fig.  2) . 
Effects of mutations on the ATP and Ca
2+
uptake. To examine the relationship between the VNUT-mediated ATP uptake and Ca 2+ uptake in more detail, we measured these activities of mutant VNUTs. We mutated the charged amino acid residues in the transmembrane regions, Arg35, Arg119 and Gln126, to alanine, which correspond to important amino acid residues of NPT1 and vesicular glutamate transporter 2 (VGLUT2), members of the SLC17 type I phosphate transporter family. The mutant VNUTs were expressed in the insect cells and then purified to near homogeneity (Fig. 7, inset) , and their transport activities as to Ca 2+ and ATP were measured after reconstitution. This protocol enabled us to determine the effects of mutations on the transport activity quantitatively.
Arg119 is an essential amino acid residue for all other SLC17 members.
As expected, the R119A (Arg119 replaced by alanine) VNUT had lost both transport activities almost completely. Arg35 and Gln126 are located near the substrate binding region for VGLUT2 and NPT1, and alanine substitution of them caused loss of the transport activity accordingly. Likewise, the R35A and Q126A mutants exhibited decreased ATP transport, by 44.5% and 40.0%, respectively. We also found that these mutants lost the Δψ-dependent Ca 2+ uptake ability in the same order and to the same degree (Fig. 7) . These results further supported that VNUT-mediated ATP and Ca 2+ transport are tightly coupled to each other.
The effects of divalent cations on the kinetics of nucleotides uptake.
Subsequently, we measured the effects of Ca 2+ and Mg 2+ on the ATP and ADP uptake kinetics to evaluate the mode of substrate recognition. The results so far obtained supported the idea that VNUT recognizes both free nucleotides and their chelating complexes as transport substrates. Because they have different total charges and structures, modification of the K m value by divalent metal ions is expected. As shown in Fig. 8 
DISCUSSION
In the present study, we characterized the transport properties of VNUT purified and reconstituted into proteoliposomes with special reference to divalent cation transport. We found that the proteoliposomes took up Mg 2+ and Ca 2+ during ATP transport. The transport requires VNUT, ATP and Cl -, is inhibited by inhibitors, and exhibits essentially the same properties as those of VNUT-mediated ATP uptake, leading the conclusion that VNUT transport divalent cations during ATP transport. Subsequently, we prepared VNUT harbouring mutations by site-directed mutagenesis. The previous mutational study on VGLUT2 in our laboratory revealed that His128, Arg184 and Glu191 in the transmembrane region are essential, and involved in the substrate binding (5) . Among them, Arg184 seems to be the most important since this residue is conserved in all SLC17 family members. The importance of this residue was also confirmed by mutagenic studies on NPT1 (7) and VEAT (Miyaji et al, manuscript in preparation). In the present study, we found that Arg119, corresponding to Arg184 of VGLUT2, is essential for ATP uptake.
In contrast, replacement of Arg35 and Gln126 had only moderately effects on ATP transport. The full conservation and indispensability of Arg119 indicate VNUT has a transport mechanism similar to those of other SLC17 family transporters.
We assume that Arg119 is involved in the common role(s) of all SLC17 transporters such as form as a chelating complex. Stoichiometric transport of ATP and divalent cations suggests that VNUT transports ATP as divalent cation complex. The present study and VNUT-mediated ATP uptake in the presence of EGTA indicated that VNUT can transport multivalent anionic form of ATP. In this respect, it is noteworthy that SLC17 transporters other than VNUT behave as Δψ-dependent monovalent anion transporter. In addition, different total charge of substrates in the presence or absence of divalent cation suggests that VNUT can recognize various ionic species of ATP.
Another unique aspect of VNUT as to substrate recognition is the effect of Mg 2+ (or Ca 2+ ) in the substrate recognition. Our previous study on the substrate recognition by the VNUT indicated that the nucleobase is not critical part for substrate recognition, since ATP transport is inhibited by various nucleotides, such as GTP, ITP and UTP (2). The weak AMP inhibition and low AMP uptake suggest that the primary substrate recognition site is located near the pyrophosphate moiety of nucleotide. Mg 2+ complex formation at the pyrophosphate moiety of ATP changes the shape and charge distribution of the pyrophosphate moiety. Thus, different substrate affinity is expected in the absence and presence of Mg 2+ We found, however, that the K m values for ATP uptake in the absence and presence of excess divalent metal ions were not greatly different, suggesting that VNUT recognizes free ATP and Mg 2+ -ATP 4-complex with similar apparent affinity even though K m can be affected by the transport rate constant and is not equal to the substrate affinity. In this respect, it is also noteworthy that other ATP transporters can distinguish free ATP and Mg-ATP complex: ATP/ADP exchanger uses free ATP as a substrate, and Mg-ATP/Pi transporter requires Mg-ATP (19, 20) . Ion-transporting ATPases also discriminate free ATP and its metal complex. In the case of F 1 -ATPase, the enzyme exhibits 1,000-fold higher affinity for Mg-ATP than free ATP, indicating the critical role of Mg 2+ in ATP binding (21) .
Thus, VNUT possesses kinetic property quite different from those of other ATP binding proteins.
The details of such a unique nucleotide binding mode of VNUT can be solved by future structural analysis and will provide a new insight into nucleotide recognition.
Finally, the present results provided a new insight into the mechanism of divalent cation storage in various ATP-containing secretory vesicles. Since the cytoplasmic concentration of free Mg 2+ is in the ~ mM range, the major fraction of ATP transported by VNUT is expected as Mg-ATP. were purified and reconstituted into liposomes. The valinomycin-evoked Ca 2+ uptake at 2 min was examined in the presence of PAH at 100 µM for NPT1, aspartate at 100 µM for VEAT, and glutamate at 100 µM for VGLUT2 and valinomycin. The ATP-dependent Ca 2+ uptake by VNUT at 2 min is also shown as a positive control. Error bars represent means ± S.D. (n = 3-5). 
